Understanding factors increasing the probability of exotic plants becoming invasive is crucial for designing appropriate management strategies to mitigate the detrimental effects of invasive plants on rapidly urbanizing areas. However, no study to date has attempted to determine how various factors may affect the naturalization-to-invasion transition of exotic plants in these areas. Here, we took Shenzhen, one of the largest and most rapidly urbanizing cities of the world, as a case study to explore how various factors may affect the naturalization-to-invasion transition of exotic plants in rapidly urbanizing areas, with an emphasis on exotic plant invasion in urban forests. Our results showed that 33.5% of the 349 naturalized exotic plant species in Shenzhen have become invasive. We found strong evidence that plant attributes and environmental factors have considerable effects on the naturalization-to-invasion transition of exotic plant species in Shenzhen. In contrast, there was little evidence that any socio-economic factor promotes the naturalization-to-invasion transition of exotic plants in Shenzhen. Our findings suggested that although human activities facilitated the initial establishment of exotic plant species in rapidly urbanizing areas, the naturalization-to-invasion transition of exotic plants in these areas appeared to be governed largely by biotic and environmental factors. Keywords: exotic plant invasion, determinants of naturalization-invasion transition, invasive plant, naturalized plant, urban forests APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(3): 637-677.
Introduction
Biological invasions by exotic species are a significant component of human-caused global environmental change (Vitousek et al., 1997) . More than 2,000 exotic plant species have been recorded in the USA (Vitousek et al., 1997) ; this figure reaches 5,700 in Europe . Furthermore, biological invasions can not only cause disastrous damage to native biodiversity and ecosystem functions but also seriously affect the development of economies and societies (Perrings et al., 2002) . In China, biological invasions have been estimated to cause US$ 14 billion worth of economic losses per year (Xu et al., 2006) ; a similar estimate for the USA reaches US$ 120 billion (Pimentel et al., 2005) . Thus, there is an urgent need to understand which invasive-to-naturalized plant species richness ratios observed in urban habitats to be greater than 10% because urban habitats are generally exposed to higher propagule pressure from exotic plants, stronger human disturbances, and larger and more frequent resource fluctuations than those more natural habitats on which the Tens Rule was based (Lososová et al., 2012) .
In this study, we took Shenzhen as a case study to explore how various factors may affect the naturalization-to-invasion transition of exotic plants in cities experiencing rapid urbanization, with an emphasis on plant invasion in urban forests. To this end, we first generated a comprehensive database of all naturalized and invasive exotic plant species in Shenzhen and then used it to assess the effects of the plants' attributes on their transition from naturalization to invasion. Additionally, we conducted a series of ecological field surveys on 19 major urban forests in Shenzhen to determine the effects of environmental and socio-economic factors on the naturalization-to-invasion transition of the exotic plant species found in urban forests. We considered Shenzhen to be fairly representative of other areas experiencing rapid urbanization, as it is one of the largest cities in the world and has been experiencing rapid urbanization over the past 30 years (McKinsey Global Institute, 2012).
Materials and Methods

Study site
Located in South China, Shenzhen is a natural port city and functions as a bridge between Hong Kong and mainland China (Fig. 1) . As China's first special economic zone, it has experienced rapid urbanization over the past 30 years, and its gross domestic product (GDP) has been growing at an average annual rate higher than 20% over that period (Liu et al., 2007) . In 2013, Shenzhen's GDP reached US$ 234 billion, and its total population reached 10.5 million (Statistics Bureau of Shenzhen Municipality, 2013). Shenzhen also plays an important role in China's foreign trade, with a total import and export volume reaching US$ 537 billion in 2013 (Statistics Bureau of Shenzhen Municipality, 2013). Although this rapid urbanization has increased people's wealth and improved their quality of life, it has also had significant environmental impacts (Liu et al., 2007) . For example, Shenzhen has been considered one of the areas at highest risk of biological invasions in China , as indicated by the fact that the number of exotic species intercepted by the Shenzhen Entry-Exit Inspection and Quarantine Bureau in 2010 was as high as 981 (SEEIQB, 2010) . Indeed, the number of exotic species in Shenzhen had reached 102 approximately ten years ago (Yan et al., 2004) .
Compilation of a database for naturalized and invasive plant species in Shenzhen
In this study, the term 'naturalized species' was used according to the definition of Richardson 
Ecological field surveys on 19 major urban forests of Shenzhen
Forest is one of the most important types of urban land cover in Shenzhen ( Fig. 1) . Specifically, Shenzhen's urban forests cover 77,720.9 hectares, which account for 39.9% of Shenzhen Municipality's total area (Shenzhen statistics yearbook, 2013). To determine the effects of environmental and socio-economic factors on the naturalization-to-invasion transition of the exotic plants in urban forests, 19 important urban forests within Shenzhen were selected for surveying ( Fig. 1) . These forests are distributed across the city ( Fig. 1) and their summed area accounts for 64.4% of the total forest area in the city ( Table 1) . During the ecological field surveys, data were collected from 217 plots, each having an area of 600 m 2 (30 m × 20 m). The number of plots within each urban forest ranged from 4 to 19, depending largely on their area. Replicate plots for each forest were located largely along a specific altitudinal gradient, which was set according to the altitude of individual forests. Plots were typically established on a relatively gentle slope to facilitate access. In each plot, the identity of the plants was recorded and 5 soil samples were collected. The plant species list resulting from the field surveys was used to assess the number of naturalized and invasive exotic plant species in the individual forests. The soil samples were air-dried and used to determine the following physico-chemical properties (Schinner et al., 1996) : pH, density, porosity, moisture content, organic matter content, total nitrogen and available phosphorus ( Table 1 and Table S1 in Appendix). 
Information on the environmental and socio-economic factors of 19 major urban forests of Shenzhen
Beyond the soil physico-chemical properties mentioned above, information on six additional environmental factors of the 19 major urban forests were collected (Tables 1 and S2): area, average altitude, mean January temperature, mean July temperature, annual average precipitation, and the density of native plant species (i.e., the number of native plant species per hectare). These factors were selected because they are generally expected to have a marked influence on the richness of exotic plants ( . GDP was not included because the GDPs in the different districts of Shenzhen in the past five years were highly correlated with district population (R > 0.667, P < 0.01). The distance of 1,000 m to the edge of individual forests was selected because the propagule pressure of exotic plant species tends to be strongest within a few hundred meters of the source and declines rapidly with increasing distance (Vilà and Pujadas, 2011).
Statistical analysis
Tracking and characterizing the naturalization-to-invasion transition of many exotic plant species in a given area (e.g., a city) appears to be impractical, if not impossible. Therefore, we tried to circumvent this perceived difficulty by calculating the ratio of the number of invasive exotic plant species belonging to a given subset to the number of naturalized exotic plant species belonging to the subset (hereafter referred to as 'invasive/naturalized') and using it as a surrogate measure of the probability that the naturalized exotic plant species belonging to the subset will succeed in the naturalization-invasion transition. To assess the effects of plant attributes on the transition from naturalization to invasion of the exotic plants in Shenzhen, we calculated invasive/naturalized for subsets of the exotic plant species in Shenzhen with respect to their taxonomic group, geographic origin and life form. To explore the effects of environmental and socio-economic factors on the transition, we calculated invasive/naturalized for each of the 19 major urban forests under study and tested the correlations between these ratios and the environmental and socio-economic factors of the forests and their surroundings, respectively, using linear regression analysis. Note however that Tiantou Mountain was excluded in the analysis of relationships between these ratios and environmental factors, because the soil moisture and organic matter content of the forest deviated from the normal ranges ( Table S2 ). All of the statistical analyses were performed using the statistical software package SPSS (Statistical Package for the Social Sciences) for Windows Version 17.0 (SPSS Inc., Chicago, IL, USA).
Results
An overview of naturalized and invasive exotic plant species in Shenzhen
We found 349 naturalized plant species in Shenzhen, including 343 angiosperm species, 5 pteridophyte species and 1 gymnosperm species (Table S4) . They belong to 241 genera and 75 families, accounting for approximately 12.2% of the total number of plant species in Shenzhen. A total of 117 invasive plant species were identified in Shenzhen ( Table S5) , indicating that 33.5% of the exotic plants naturalized in Shenzhen have become invasive. The invasive plants were all angiosperms, belonging to 88 genera and 33 families ( Table S5 ).
The effects of plant attributes on the naturalization-to-invasion transition of exotic plant species in Shenzhen
The invasive plant species in Shenzhen were highly unevenly distributed across taxonomic groups, geographic origins and life forms. The five families that contained the most invasive plant species were Asteraceae (also called Compositae), Fabaceae (Leguminosae), Poaceae (Gramineae), Amaranthaceae and Solanaceae (Fig. 2) . Specifically, there were 35, 13, 7, 7 and 7 invasive species in these families, http Fig. 2a) , which accounted for 62.5%, 32.5%, 26.9%, 43.8% and 43.8% of the total number of naturalized exotic species in the corresponding families (Fig. 2b) .
The genera having the most invasive plant species were Amaranthus and Ipomoea, followed by Senna, Solanum and Euphorbia (Fig. 3) . There were 5, 5, 3, 3 and 2 invasive species in each of these genera, respectively (Fig. 3a) , which accounted for 83.3%, 45.4%, 42.9%, 33.3% and 60.0% of the total number of naturalized species in the corresponding genera (Fig. 3b) . As for geographical origin, the majority of the invasive plants were native to the Americas, followed by Asia, Africa, Europe, the Mediterranean and Oceania (Fig. 4a) . These areas contributed 90, 8, 8, 6, 2 and 2 invasive species, respectively (Fig. 4a) , which accounted for 47.4%, 12.7%, 30.8%, 26.1%, 25.0% and 40.0% of the total number of naturalized species that had originated from the corresponding areas (Fig. 4b) . Regarding life form, the invasive plants were mainly herbs (Fig. 5a) . Specifically, more than 96 invasive plant species were herbs, accounting for 35.0% of the total number of herbaceous naturalized plant species in Shenzhen (Fig. 5b) . 
The effects of environmental and socio-economic factors on the naturalization-to-invasion transition of exotic plants in 19 major urban forests of Shenzhen
In the field surveys, we identified 316 naturalized plant species and 111 invasive plant species in the 19 major urban forests, which accounted for 90.5% and 94.9% of the total number of naturalized and invasive plant species in Shenzhen, respectively. The number of invasive plant species recorded in urban forests ranged from 19 to 69. In contrast, invasive/naturalized for these urban forests exhibited considerably less variation, ranging from 0.35 to 0.49. However, invasive/naturalized was significantly (P < 0.05) correlated with four environmental factors considered (Fig. 6) . 6a and b) , whereas soil moisture and soil organic matter were positively correlated with invasive/naturalized ( Figs. 6c and d) . There was no significant relationship between any of the five socio-economic factors and invasive/naturalized. 
Figure 4. Effects of geographic origin on the success of exotic plant species in Shenzhen. Effects of geographic origin on the number of invasive species (a) and the naturalization-to-invasion transition of exotic plant species (b) in Shenzhen.
Figure 5. Effects of life form on the success of exotic plant species in Shenzhen. Effects of life form on the number of invasive species (a) and the naturalization-to-invasion transition of exotic plant species in Shenzhen (b).
Figure 6. Effects of environmental factors on the success of exotic plant species in Shenzhen. Effects of density of native plants (a), soil density (b), soil moisture (c) and soil organic matter (d) on the naturalization-to-invasion transition of exotic plant species in 18 major urban forests in
Discussion
In this study, 349 naturalized plant species were found in Shenzhen, representing 40.5% of all 861 naturalized plant species in China (Jiang et al., 2011) . Moreover, the number of naturalized plant species in Shenzhen was considerably higher than that (112) in Beijing, another rapidly urbanizing city in China (Wang et al., 2011) . The presence of this high number of naturalized plant species in Shenzhen made it a suitable city for studying the naturalization-to-invasion transition of exotic plant species in rapidly urbanizing areas. Indeed, 43.3% of all 270 invasive plant species in China (Weber et al., 2008) were present in Shenzhen.
As expected, the invasive/naturalized ratios recorded in this study far exceeded 0.1. This finding cannot be considered novel, given that Williamson and Fitter (Williamson and Fitter, 1996) had long noted that approximately 20% of exotic crop plant species naturalized in Canada became invasive. However, the naturalization-to-invasion transition of exotic plants in urban forests of rapidly urbanizing cities deserves more explicit attention. The invasive/naturalized ratios for urban forests (ranging from 0.35 to 0.49) observed in this study were comparable to those (with an average of 0.43) obtained in urban roadsides, parks and gardens in Beijing (Wang et al., 2011) , possibly indicating that urban forests are not necessarily more resistant to exotic plant invasion than other urban habitats. Here, we have attempted to elucidate the reasons for these extreme invasive/naturalized values by investigating the effects of plant attributes and environmental and socio-economic factors on the naturalization-to-invasion transition of exotic plants in Shenzhen, although further studies are needed to test whether our finding is applicable to other rapidly urbanizing cities around the world.
The effects of plant attributes on the naturalization-to-invasion transition of exotic plant species in Shenzhen were mirrored not only by the highly uneven distribution of invasive species across taxonomic groups, geographic origins and life forms but also by the associated invasive/naturalized ratios. First, the Asteraceae family contained the highest number of invasive plant species (34) , which accounted for 29.1% of all invasive plant species in Shenzhen and 12.6% of all invasive plant species in China (Weber et al., 2008) . Moreover, invasive/naturalized in this family was 0.61, possibly suggesting that the naturalized members of this family are highly successful in the naturalization-to-invasion transition. Similarly, the Asteraceae family accounted for 31.3% of the total number of invasive plant species in Beijing, associated with an invasive/naturalized value of 0.75 (Wang et al., 2011) . This performance may be partially attributed to the plant traits that contribute to the strong dispersal and establishment abilities of this family, such as a large number of small and light seeds, rapid germination and a high germination rate (Pyšek, 1997) . At the genus level, Amaranthus was found to contain the highest number of invasive species (5) and show a high invasive/naturalized value of 0.83, which corresponds with the fact that many species in this genus have been reported as invasive species in other parts of the world and tend to germinate quickly, grow rapidly and produce more leaf area (Horak and Loughin, 2000; Steckel, 2007; Steckel et al., 2004) . Second, 76.9% of the invasive species found in Shenzhen originated from the Americas, a higher percentage than that (70.8%) of Beijing (Wang et al., 2011) . However, the percentages for these two Chinese cities were greater than that (68%) reported for China as a whole (Liu et al., 2006 commerce between the invaded and native ranges were considered as possible explanations for the numerical predominance of American invasive plants and their high invasive/naturalized ratios, following the suggestions of previous work (Liu et al., 2006) . Our subsequent analyses showed that the former was more likely to be a major reason (see the next paragraph for more details). Third, herbaceous species accounted for 82.1% of the total invasive species in Shenzhen, which exhibited an invasive/naturalized value (0.35) greater than expected from the Tens Rule (Williamson and Fitter, 1996) . A similar pattern was observed in Beijing (Wang et al., 2011) .
Additionally, approximately 88% of all of the invasive plant species in China were herbaceous (Liu et al., 2006) . These findings may be partially explained by the fact that many herbaceous invasive species are characterized by their rapid growth and reproduction (Sakai et al., 2001) , which may facilitate the rapid evolutionary adaptation of these invasive plants to novel environments (Prentis et al., 2008) . We assessed the effects of environmental and socio-economic factors on the naturalization-to-invasion transition of exotic plants in urban forests of Shenzhen by identifying significant relationships between the selected factors and the invasive/naturalized ratios (Weber et al., 2008; Liu et al., 2006) . The negative relationship between the density of native plant species and the invasive/naturalized ratio may indicate that native biodiversity represses the transition, which would be consistent with the widely accepted notion that biodiversity is a barrier to ecological invasion (Kennedy et al., 2002) . Although there is currently no report addressing the effects of soil density on plant invasion, the negative relationship between soil density and invasive/naturalized may be attributed to the inhibitory effects of elevated soil density on the germination, growth and reproduction of plants (Ehrenfeld et al., 2005) . In contrast, soil moisture and organic matter content were positively correlated with the invasive/naturalized ratio, likely indicating that wetter and richer soils tended to be beneficial to the transition. In agreement with these results, previous studies have shown that wetter and richer soils were associated with higher germination and survival rate of invasive plants, as well as a greater number of invader seeds (Ehrenfeld et al., 2001; Warren et al., 2013) . The lack of significant associations between the socio-economic factors and the invasive/naturalized ratio was initially surprising. This unexpected finding, in combination with other results of the present study, instead suggests that although human activities facilitate the initial establishment of exotic plants, biotic and environmental factors are more likely to be the major drivers of their further spread and impacts (Stohlgren et al., 2005) . However, the effects of human activities on plant invasion may vary greatly at different spatial scales. Indeed, there is evidence that socio-economic factors could promote plant invasion at a provincial scale in China (Lin et al., 2007; Liu et al., 2005) .
There are a few potential caveats with this study. First, the invasive/naturalized ratio may be a good measure to assess the overall success of the naturalization-invasion transition of exotic plants in a given area, but it does not represent the long-term ecological processes associated with the transition. Second, as noted by Vilà and Pujadas (Vilà and Pujadas, 2011) , correlations between variables do not necessarily imply causation. Third, some variables not under consideration in this study could have an effect on the transition (Phillips et al., 2010; Milbau and Stout, 2008 if the findings of this study prove to be applicable to other rapidly urbanizing areas, they will be useful in developing a more objective and accurate approach for managing and predicting plant invasions in these areas. http 
